Abstract. Two blocking enzyme-linked immunosorbent assays (ELISAs) involving the use of monoclonal antibodies (MAb) as capture and detecting agents and an indirect fluorescence test (IFT) were used for the detection of porcine epidemic diarrhea virus (PEDV) antigen or its antibodies. In the ELISA for viral antigen detection, the blocking step is accomplished by incubation of fecal samples, in duplicate wells, with PEDVspecific positive or negative serum, whereas in the ELISA for antibody detection the blocking step is accomplished by incubation of serum samples with a gut-origin virus suspension. All the methods developed were used to monitor an experimental infection in piglets with the CV-777 strain of PEDV and a natural PED outbreak in a swine fattening unit. The antigen-detection ELISA was able to detect PEDV shedding for a longer time than have previously described methods. The blocking ELISA for antibody detection was able to detect the serum antibody response sooner after PEDV infection than did IFT.
Porcine epidemic diarrhea (PED) is a gastroenteric disease similar to transmissible gastroenteritis (TGE) that affects swine of all ages, and despite the low mortality, it causes important economic losses to the pig producer. A coronavirus, PED virus (PEDV) was identified in 1978 as the etiologic agent of the disease. 13 PEDV differs antigenically from other porcine coronaviruses, and antigenic cross-reactions have only been described with feline infectious peritonitis virus 20 and the mink coronavirus. 8 PEDV has not yet been classified in any of the groups within the family Coronaviridae. Because until only recently the virus could not be isolated in cell culture, the development of diagnostic methods for detection of the virus or its antibodies has been impaired. Previous tests for antibody detection used viral antigen produced in experimental animals 2, 5 or gut cryostat sections of infected pigs 5, 15 PEDV was isolated for the first time in 1988 using the Vero cell line and a trypsin-supplemented medium. 9 Since then, different diagnostic methods 10, 11, 19 have been described for the detection of both PEDV antigen and its antibodies in experimentally induced infections or in a limited number of field outbreaks.
In this article, we describe the use of 2 blocking enzyme-linked immunosorbent assays (ELISAs), 1 for the detection of PEDV antigen in fecal samples and the other for detection of PEDV antibodies in serum, From the Departamento de Sanidad Animal (Enfermedades Infecciosas y Epidemiologia), Facultad de Veterinaria, Universidad de Leon, E-24071 Leon, Spain.
Received for publication March 12, 1994. both tests using monoclonal antibodies (MAbs). The use of these tests to monitor experimental and natural PEDV infection on a fattening swine farm are reported. In addition, the results of an indirect immunofluorescence test on infected Vero cells are compared with those of ELISA for detection of serum antibody response to PEDV.
Material and methods

Viruses and cells
The cell-culture-adapted strain Wey 1/87 of PEDV a was grown in Vero cells as described previously. 9 For experimental infection of piglets, the CV-777 strain of PEDV b which has not been adapted to cell culture, was used as gut contents at a titer of 10 4 pig infective 50% doses/ml. A standard gut-origin virus suspension was prepared by oral inoculation of a 2-day-old conventional, colostrum-deprived piglet with 2 ml of CV-777 virus. Twenty-two hours later, when diarrhea was starting, the pig was euthanized, and the small intestine was removed and resuspended in 4 volumes of phosphate-buffered saline (PBS), homogenized with a stomacher c and clarified by low-speed centrifugation. The supernatant was kept at -70 C until use.
Experimental infection
Three conventional piglets from a farm free of PED were used. They were kept with the sow during the first week of life and then removed to individual aseptic isolators. They were fed sterilized cow's milk every 8 hr during the first 20 days, and daily milk consumption was measured. Animals were changed to a commercial solid diet in the third week of life.
The piglets were inoculated intragastrically with 5 ml of the standard gut-origin PEDV suspension at 10 days of age using a stomach tube. Inoculation day was considered day 0, and the piglets were monitored from this day until day 80.
The general condition of the animals was monitored daily from postinoculation day (PID) 0 until PID 15 and assigned a daily score based on clinical symptoms and milk consumption as follows: 1 = normal: mean daily milk consumption 600-900 ml; 2 = moderately affected: lethargy and mild anorexia, mean daily milk consumption 300-500 ml; 3 = severely affected: depression and complete anorexia, mean daily milk consumption <300 ml.
To study the duration of viral shedding in feces, rectal swabs were taken 3 times daily between PID 0 and PID 15 and then weekly until the end of the experiment. Appearance and consistency of feces were recorded and assigned to a score, as follows: 1 = normal; 2 = light diarrhea: pasty, yellowish feces; 3 = severe diarrhea: watery feces with a greengray color.
Blood samples were collected from the anterior vena cava of all piglets twice weekly during the first month after viral inoculation and then weekly until the end of the experiment.
Natural infection
A natural PED outbreak was monitored in a swine fattening unit of 5,000 pigs. Seven to 9-wk-old pigs from different origins were brought into the farm and were housed in 8 barns 15-20 m apart. Diarrhea started 2-3 days after arrival of the piglets and initially affected all animals within the same barn. From then on, the disease spread from 1 barn to the next every 2-3 days and finally affected the whole farm, causing diarrhea in pigs of 20-90 kg.
General condition and fecal characteristics in the affected animals were evaluated using the same scores as for the experimental infection. Rectal swabs were taken on days 2, 4, 6, 7, and 10, and blood samples were obtained on days 6, 10, and 90 after the onset of diarrhea.
PEDV antigen detection
PEDV antigen was detected in rectal swab samples using a blocking ELISA as described previously. 19 PEDV is captured by an MAb specific for the virus, and the captured antigen is detected with a peroxidase-labeled MAb against a different epitope of PEDV. To avoid nonspecific reactions, a blocking step is included, in which each sample is incubated, in duplicate wells, in the presence of PEDV-specific positive or negative serum.
Polystyrene microtiter plates d were coated with MAb CVI-PEDV-66.31 e diluted in carbonate-bicarbonate buffer (pH 9.6) and incubated for 16 hr at 4 C. Between each step, plates were washed 4 times with H 2 O-0.05% Tween 80. Dilutions of feces and positive and negative sera were made in 0.5 M NaCl PBS-0.05% Tween 80. Fecal samples were diluted 1:4 and allowed to settle for 15 min. The blocking step was made by mixing 50 µl of the fecal sample with 50 µl of a 1:40 dilution of the specific-PEDV positive or negative serum in the coated wells. Plates were sealed, gently shaken for 5 min, and incubated for 2 hr at 37 C. After washing, plates were inoculated with the detecting MAb (peroxidase-labeled CVI-PEDV 66.49 e ) for 1 hr at 37 C. After 4 washing cycles, cromogen-substrate solution (0.005% H 2 O 2 and 1 mg/ml 5-aminosalicylic acid in phosphate-ethylenediaminetetraacetic acid buffer) was added. Color was allowed to develop for 6 hr at 4 C in the dark, and plates were read at 450 nm (A 450 ) using a comercial reader.
f A sample was considered positive when incubation with positive serum produced at least a 50% reduction in the optical density as compared with the wells incubated with negative serum.
PEDV antibodies detection
Indirect fluorescence test. Monolayers of Vero cells were grown on 6-well glass slides g and then infected with PEDV at a multiplicity of infection of 0.1. Infectivity was enhanced by adding 10 µg/ml of trypsin to the medium. After 2 hr adsorption at 4 C, the inoculum was removed and replaced by fresh medium supplemented with trypsin, and the slides were incubated for 6 hr at 37 C under 5% CO 2 . Finally, slides were fixed by immersion in 80% acetone at -20 C for 15 min.
For the indirect fluorescence test (IFT), 10 µl of a 1:40 dilution of serum in PBS was added to each well in the fixed slides and incubated for 90 min at 37 C in a humid chamber. After 3 washing cycles with PBS, 10 µl of a 1:64 dilution of fluorescein-conjugated rabbit anti-swine IgG h (whole molecule) were added to the wells and incubated for another 90 min at 37 C. After 3 washing cycles, slides were air dried and observed with an epifluorescence inverted microscope. Blocking ELISA. For this ELISA, microtiter plates were coated with MAb CVI-PEDV 66.31 as described for antigen detection. After washing, 50 µl of a 1:2.5 dilution of test serum in 0.5 M NaCl PBS-Tween 80 and 50 µl of a 1:20 dilution of the gut-origin standard PEDV suspension, prepared as described above, were mixed and added to all wells. Plates were sealed, gently shaken for 5 min, and then incubated for 2 hr at 37 C in a water bath. After 4 washing cycles, any free antigen was detected with peroxidase-labeled MAb CVI-PEDV 66.49. The rest of the test was the same as described for antigen detection. In each plate 4 wells without test serum were included as negative controls (blank) and 2 wells with hyperimmune anti-PEDV pig serum were included as positive controls. Then, the mean A,,, of the 4 blank wells was calculated, and the blocking percentage of each test serum calculated from the formula blocking percentage = 100 -(A 450 serum/mean A,,, blank) x 100. A sample was considered positive when blocking percentage was ≥50%.
Statistical analysis
Correlation coefficients were calculated using a commercial computer program.
j Agreement between serologic techniques was measured with the Kappa statistic value, calculated with a commercial computer program. 4 
Results
Experimental infection
General condition and diarrhea. After experimental inoculation with the CV-777 strain of PEDV, loss of vigor and decreased appetite were recorded in all the piglets from PID 1 to PID 10, but only 1 of the pigs vomited at PID 1. Diarrhea started at PID 2-3 and lasted 6-11 days. Clinical and fecal scores and ELISA results for antigen detection are shown in Table 1 .
Virus shedding. PEDV antigen was not detected by
blocking ELISA in rectal swabs collected either before inoculation or at PID 1, and the first positive samples were detected in PID 3. Virus shedding was consistently detected until PID 9 in 1 pig and until PID 11 in the rest of the pigs. Taking the blocking percentage as a measure of the amount of virus excreted in the feces, the peak of virus shedding occurred at PID 4-5 and decreased to a minimum value by PID 7-8 (Table  1) . Surprisingly, a sharp increase in the amount of virus shed was detected between PIDs 8 and 11 (Fig. 1) .
The correlation between daily clinical and fecal scores and the presence of PEDV in feces was measured by the Spearman's correlation coefficient as shown in Table 2. The correlation was low between clinical scores and virus shedding in 2 of 3 pigs but very strong and significant between fecal scores and the presence of virus.
Antibody detection. PEDV-specific antibodies were detected by blocking ELISA for the first time in the 3 animals at PID 7, whereas by IFT, serum samples were negative until PID 10 in 2 animals and until PID 13 in the other. All the sera collected after this day were positive by both techniques until the end of the experiment (12 weeks postinoculation). Maximum blocking titers were detected by ELISA between 7 and 9 weeks postinoculation.
Natural infection
General condition and diarrhea. Fattening pigs weighing 15-25 kg were severely affected by the disease; vomition and anorexia were recorded for 6-8 days, which led to severe dehydration, and an overall mortality of 2% was recorded. The oldest animals in the fattening units were less affected, with no death losses, and only a marked decrease in feed consumption was noted, which returned to normal in 6-7 days. All affected animals, regardless of age, had a light to severe diarrhea that lasted about 1 week.
Virus shedding. PEDV was detected by blocking
ELISA in fecal samples collected on days 2, 4, 6, and 7 after the onset of the first signs of the disease, whereas samples collected on day 10 were already negative.
Antibody detection. PEDV antibodies were detected
for the first time in serum samples taken 10 days after the onset of the disease. Ninety days after the initial outbreak, antibodies were still detectable in 25 of 37 sera by ELISA and in 24 of 37 by IFT (Table 3) .
Discussion
In the experimental infection, PEDV excretion was detected starting from PID 2-4 until PID 9-11. Considering an incubation period of 24-48 hours as previously described, 12,16 length of fecal virus shedding in the natural infection was comparable to that observed in the experimental infection and similar to those of other enteric coronaviruses. 17, 18 In another study in which a blocking ELISA with polyclonal antibodies for antigen capture and detection was used, PEDV was detected only in 30% of the fecal samples taken between 6 and 8 days after experimental inoculation with the CV-777 strain. 2 This finding confirms that the blocking ELISA using MAb CVI-PEDV 66.31 and CVI- PEDV 66.49 has a higher sensitivity for the detection of viral antigen.
The use of an MAb-based ELISA for PEDV antigen allowed the detection of virus shedding for longer periods. This fact is epidemiologically important, because the prolonged shedding favors the persistence of the infection on a farm, especially if there is poor management and unhygienic conditions with a continuous input of susceptible pigs. Although PEDV infection was considered initially to be self-limiting, in a recent study in which the same ELISA method as we used was also used, PEDV caused persistent diarrhea in a breeding and finishing farm 18 months after the initial outbreak because of the continuous input of susceptible animals into the farm.
14 Thus, the use of sensitive methods for PEDV detection may allow the diagnosis of the infection in atypical situations of endemic and persistent diarrhea on farms, where the level of virus shedding is too low to be detectable by the classical methods.
the natural and experimentally infected pigs agree with previous data using a similar blocking ELISA. 19 The antibody response is first detected by this method at 7-10 days after the onset of diarrhea. However, in another study this response was not detected until 2-4 weeks after experimental infection using a polyclonal antibody-based blocking ELISA. 6 In the experimentally inoculated animals, there was a clear positive correlation between PEDV fecal shedding and the severity of diarrhea measured by the fecal score, as described previously for TGE virus infection. 1 However, the highest fecal scores were found in the 4 days next to the peak of virus shedding, probably showing that decimation of gut epithelial cells increased the severity of diarrhea.
In both natural and experimental infections, the antibody response was detected between 3 and 5 days sooner by ELISA than by IFT, which suggests the higher sensitivity of the ELISA. Comparing the agreement between both tests with the serum samples taken 90 days after the outbreak of natural infection, the kappa value was rather low (0.46) because of the disagreement in the results of 9 samples: 5 ELISA-positive samples that were negative by IFT could be explained by the higher sensitivity of ELISA, but the reason for the ELISA-negative results with 4 IFT-positive samples remains unclear. However, the kappa value for 2 similar blocking ELISA methods, 1 using polyclonal antibodies and the other using MAbs, was higher (0.75), 3 suggesting a stronger agreement in the results of both tests.
The increased amount of virus detected in feces in the last days of excretion verifies the observation made by others confirming the ability of PEDV to infect the regenerated epithelial cells in the small intestine, giving a second peak of 90-100% positive fluorescent epithelial cells in pigs euthanized 4 days after the onset of the diarrhea.'
The present results confirm the utility of a blocking ELISA with MAb for the detection of PEDV antigen in feces and its serum antibodies in both naturally and experimentally inoculated pigs. This virus should be taken into account when diagnosing swine diarrhea because it affects pigs of all ages, causing important economic losses. 
Sources and manufacturers
